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TITLE OF INVENTION 
COOLING ELECTROMAGNETIC STIRRERS 



FIELD OF INVENTION 
[0001] The present invention relates to generally to electromagnetic devices 

producing magnetic fields with a significant spatial gradient, and more specifically to 
cooling systems of electromagnetic stirrers employed for stirring liquid metals. 

BACKGROUND TO THE INVENTION 
[0002] Universally, the windings of electromagnetic devices of comparatively 

large power input are cooled with fluids, such as oils or water, which remove the heat 
evolving in the windings due to ohmic losses. The mechanism of heat removal from 
the windings of such devices is based on either thermal convection or forced fluid 
flow. The latter approach has been used for cooling of electromagnetic stirrers, 
(abbreviated herein as EMS), widely used in metals processing industries. These 
stirrers are cooled by water supplied under pressure either from a dedicated source or 
for cooling of a casting mold. 

[0003] In accordance with the most commonly used method, the cooling water 

flow fills in a space volume accommodating the stirring coils and extracts the heat 
from the outside of individual wires of the coil windings. Figures 1 and 2 show an 
embodiment of such a cooling system commonly used with an EMS for continuous 
casting of steel billets and blooms. The EMS 7 is arranged within a continuous casting 
mold assembly 1 which is comprised of a vertical mold 2 into which is received 
molten metal 4 which is surrounded by an EMS 7. The water flow 3 enters the 
windings 5 of the EMS at the bottom portion of the windings and travels upwardly in 
the space 8 provided between individual wires 9, then, as shown in Figure 2, the flow 
3 exits from the upper portion of the winding. With this cooling arrangement, the 
winding insulation is in direct contact with water. Because untreated water has rather 
high electrical conductivity, the water needs to be chemically treated to reduce the 
electrical conductivity to acceptable levels and/or the wire insulation is reinforced in 
order to eliminate any microscopic pores in the insulation to avoid a possibility of 
direct contact between the copper wire and water, which leads to copper erosion and 
eventual failure of the device. Moreover, both reliable wire insulation and a voltage 
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limitation are required in order to prevent short circuiting between the rather tightly 
packaged windings, as the cooling water, even with a reduced electrical conductivity, 
is a poor insulating medium. In industrial practice, neither of the above approaches, 
i.e. the water electrical conductivity reduction or enhancement of electrical insulation, 
for example, with a resin, varnish or similar compounds, provides a guaranteed 
reliability of the stirring coils. 

[0004] Another approach to cooling windings with water is to use a hollow 

conductor for winding manufacture. In hollow windings, the cooling water flows 
inside the conductor while the electrical insulation on the outside remains dry. The 
cooling water in that instance is also treated in order to avoid an electrolytic reaction 
causing deposits to be formed on the inside walls of tubular conductors. The above 
noted water-cooling systems for external or internal cooled windings comprise of a 
closed circuit water supply equipped with pumps, filters, instrumentation, etc. which 
adds to capital and operating costs of electromagnetic stirring systems. 
[0005] A novel concept of cooling electromagnetic devices with fluids which 

display magnetic behaviour became known in the 1960's (ref. R.E. Rosensweig, 
Ferrohvdrodvnamics. Cambridge University Press, 1985). An interaction between 
magnetic fields and magnetic fluids results in a body force which sets the fluid in 
motion. This property of magnetic response is used in many practical applications, 
including cooling of electromagnetic devices. 

[0006] U.S. Patent No. 5,898,353 describes the use of a magnetic fluid for 

convective cooling of a distribution, transformer. A gradient of magnetic field 
produced by the transformer produces a circulation pattern in magnetic fluid which 
cools the transformer windings submerged in the fluid. 

[0007] U.S. Patent No. 5,863,455 describes methods of cooling 

electromagnetic devices, including power transfomers, with magnetic colloidal fluid 
which has improved insulating and cooling properties. The patent refers to an 
electromagnetic device comprising means for producing an electromagnetic field, 
heat, and a stable colloidal insulating fluid which is in contact with the device. The 
magnetic fluid in the above application has a saturation magnetization of about 1 to 20 
Gauss. An electromagnetic device relevant to that patent was a power transformer. 
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[0008] Other prior art includes US Patents Nos. 4,506,895, 4,992,190 and 

5,462,685. 

[0009J In spite of these prior art disclosures, electromagnetic stirrers 

employed in the metals processing industries, and continuous casting of steel in 
particular, remain water-cooled, except for stirrers with a very limited power input 
which may be air-cooled. The water-cooled systems impose special requirements and 
equipment for treatment of water, instrumentation for monitoring and maintaining its 
properties, special demand for electrical insulation integrity, special equipment (e.g. 
pumps, filters, piping, etc.) which makes reliability and performance of the stirrers 
dependent on the above parameters and equipment. This dependence can be, and often . 
is compromised by defects in stirrer fabrication, materials used, equipment 
malfunction or human error. 

SUMMARY OF INVENTION 
[0010] In order to overcome the disadvantages of water-cooling systems used 

with electromagnetic stirrers, it has been found, in accordance with the present 
invention, that cooling efficiency and operating performance of electromagnetic 
stirrers can be improved by the use of magnetic fluid as a cooling and insulating 
medium. 

[0011] In accordance with the present invention, an improved method is 

provided for cooling electromagnetic stirrer windings, in which a colloidal magnetic 
fluid with insulating properties, which is referred to hereinafter as ferrofluid, is 
employed as the coolant. The windings of the electromagnetic stirrer are cooled by 
motion of the ferrofluid which is set in motion by magnetic convection resulting from 
an electromagnetic field produced by the device. As the electromagnetic device is 
energized, due to the gradient of magnetic flux density produced by the device, a 
differential pressure in the ferrofluid arises, resulting in magnetic convection flow of 
the ferrofluid in a direction of lesser pressure through space formed between a 
multitude of individual windings. In another aspect of the invention, there is provided 
an apparatus for carrying out the method. 

[0012] The flow of ferrofluid dissipates heat evolving within the windings due 

to ohmic losses and transports the heat to the inner walls of the enclosure. The outer 
walls are cooled with a water flow. 
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,[0013] By eliminating a dedicated source of cooling water supply and 

equipment associated with it, the stirrer cooling system is simplified, leading to a 
reduction of capital and operating cost as compared with a water-cooling system. 
[0014] Any possibility of a contact between current carrying windings and 

electroconductive cooling medium, i.e. water, is eliminated. 

[0015] By using a magnetic insulating fluid, heat transfer from the windings to 

the cooling medium is enhanced, by reducing electrical insulation of the winding. 
The insulation reduction can be accomplished by reducing the thickness of insulation 
and/or employing insulating materials with better heat conductivity which is often . 
related to a reduced electrical resistivity. 

[0016] In addition, there is provided an ability to employ increased current 

density in the windings, up to about 15 A/mm 2 or greater, which becomes possible 
due to an improved heat removal from the windings and a reduced possibility of the 
windings short circuiting in a dielectric fluid. 

[0017] The use of the ferrofluid increases the service life of the 

electromagnetic device as the intrinsic insulating and magnetic properties of a 
colloidal ferrofluid remain unchanged for a very extended period of time, including 
many years. In contrast, a single malfunction of a water-cooling system may result in 
damage or failure of the electromagnetic device windings. 

[0018] In the present invention, the windings of an electromagnetic stirrer are 

arranged within a sealed housing mounted on salient magnetic poles of an iron yoke. 
The housing is fabricated from non-magnetic stainless steel, or other non-magnetic 
material with a reasonably good thermoconductivity, and filled with ferrofluid, which 
also has insulating, i.e. dielectric, properties. The windings are totally submerged in 
the ferrofluid. The outside of the housing is cooled by water flow used for cooling the 
casting mold, or it may be supplied from other source. 

[0019] The ferrofluid is comprised of a carrier fluid with dielectric properties, 

e.g. synthetic or mineral oils, and nano-sized magnetic particles which are suspended 
in the fluid. The particles are dispersed within the fluid and form a colloidal 
suspension. A special coating prevents particles from agglomeration. These types of 
colloidal magnetic fluids are commonly referred to as "ferrofluids" and their details, 
are described in many publications, e.g. US Patents Nos. 5,462,685 and 5,863,455. 
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[0020] Magnetic properties of a ferrofluid depend on the concentration of 

magnetic particles and are quantitatively characterized by saturation magnetization M 
rate in units of Gauss, which is defined as the maximum attainable magnetic moment 
per unit volume of fluid. As the magnetic properties of a ferrofluid depend also on the 
temperature, magnetization saturation of a ferrofluid is decreasing with a temperature 
rise. Thus, it is beneficial to employ a ferrofluid for cooling of an EMS with a Curie 
temperature, i.e. the temperature at which magnetic strength approaches zero, rather 
close to a maximum operating temperature of the particular windings (typically 150° 
to250°C). 

[0021] A ferrofluid with such characteristics provides the strongest 

convection, since cooler ferrofluid at the bottom portion of the windings is drawn in 
due to attraction to the areas adjacent to the magnetic poles which exhibit the 
strongest magnetic field. As the ferrofluid flow progresses upward through the 
windings, its temperature rises and magnetic strength diminishes, which facilitates 
fluid exit from the top portion of the windings. The hot fluid flow exits the top portion 
of the winding and flows downward between the outer layer of windings and the 
housing inner walls which are water-cooled from the outside. As a result, cooled 
ferrofluid flow returns to the bottom portion of the housing, and the cooling cycle 
repeats. 

[0022] A thermally induced convection takes place due to a fluid density 

decrease with temperature rise, i.e. natural convection. However, it plays a relatively 
minor role in the overall cooling process. Natural convection begins to prevail over 
the magnetic attraction of the fluid only when the magnetic field is weak, which 
commonly occurs at a low current supplied to the coils, or the fluid temperature is 
approaching to the Curie point in the upper portion of the winding before the fluid 
exits the windings. 

[0023] The ferrofluid preferably has dielectric properties which correspond to 

electrical resistivity of at least about 10 9 ohm*meters. Such electrical resistivity allows 
a reduction and, in principle, complete removal of wire electrical insulation, which 
facilitates heat transfer from winding to ferrofluid. 

[0024] The ferrofluid preferably has a magnetization saturation in the range of 

about 50 to about 200 Gauss, more preferably towards the upper end of this range. 
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The ferrofluid preferably has a Curie temperature in the range of about 500° to about 
300°C, more preferably toward the low end of this range. 

[0025] In the present invention, there is no direct contact between water and 

current-carrying windings, eliminating the need to use specially-treated water with a 
very low electrical conductivity and use heavy-duty electrical insulation for the 
windings. The ferrofluid is self-propelled to ensure a sufficient rate of heat extraction 
from the windings and heat transfer through water-cooled stainless steel enclosures. 

BRIEF DESCRIPTION OF DRAWINGS 
[0026] Figure 1 is a schematic representation of an EMS arrangement in a 

continuous casting mold assembly unit in accordance with the prior art method of 
cooling the windings by an externally supplied water flow; 

[0027] Figure 2 is a sectional view of an EMS showing a winding assembly 

on an iron yoke in accordance with the arrangement presented in Figure 1; 

[0028] Figure 3 is a schematic representation of an EMS arrangement in a 

continuous casting mold assembly in accordance with one embodiment of the present 

invention; 

[0029] Figure 4 is a sectional view of an EMS assembly with windings cooled 

by ferrofluid as shown in Figure 3; 

[0030] Figure 5 is based on a computer simulation schematic of magnetic flux 

density distribution in the vertical portion of the windings of the EMS assembly of 
Figure 3; 

[0031] Figure 6 is a graphical representation of an example of averaged 

magnetic and gravitational pressures in the ferrofluid at different current inputs; 
[0032] Figure 7 is a graphical representation showing the effect of ferrofluid 

Curie point on winding temperature at varying currents; 

[0033] Figure 8 is a schematic view of the thermocouples arrangement in the 

winding used in experimental trials of the EMS assembly of Figure 3; 

[0034] Figure 9 is a graphical representation showing the experimentally 

obtained winding temperature under conditions of embodiment of No. 1, as described 

below; 



WO 2004/018128 



PCT/CA2003/001209 



7 

[0035] Figure 10 is a graphical representation showing temperature profiles in 

the winding measured under conditions of embodiment No. 3, as described below; 
and 

[0036] Figure 11 is a graphical representation showing the relationship 

between maximum temperature in the winding and the current input under conditions 
of embodiment No. 3. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 
[0037] Referring to the drawings, Figures 3 and 4 show a schematic depiction 

of an EMS arrangement within a mold housing assembly 10 installed on a continuous 
casting machine (not shown here), in accordance with one embodiment of the 
invention. As seen in Figures 3 and 4, an EMS stator 12 is arranged around the 
casting mold 14, which contains a solidifying melt 16 which is continuously poured 
into and withdrawn from the mold 14. The windings 18 are enclosed in stainless steel 
housings 20 which are mounted on salient (protruding) pole pieces 22 shown in 
Figure 4. The salient poles 22 are part of the EMS iron yoke 24 and these two 
components together comprise the EMS stator 12. The casting mold 14 and the stirrer, 
including the coil stainless steel housings 20 and the EMS stator 12, are cooled by the 
water flow 26 used for cooling the mold 14. 

[0038] All the above components, i.e. the iron yoke, windings, salient poles 

and stainless steel housings, comprise the EMS assembly. The winding housing 20 
separates the windings 18 from the mold cooling water 26. As these housings are in 
the path of both magnetic field produced by the EMS and the heat flow extracted from 
the windings, they are fabricated from a non-magnetic, heat conducting material with 
a comparatively high electrical resistivity. Non-magnetic stainless steel is such a 
material which may be utilized. The winding housings 20 have grooves 28 on the 
inside of their front and back walls. The grooves 28 facilitate flow of ferrofluid 30 
which fills in the housings 20 in such a way as to provide for full submergence of the 
windings 18. 

[0039] Ferrofluid 30 is forced to enter a low portion of the windings 18 

through specially provided openings 3 1 under the pressure created by a gradient in the 
magnetic field strength. Inside the windings 18, ferrofluid 30 travels upward within 
the channels 32 formed between individual wires 34 of the windings, as shown in the 
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enlargement of Section A-A (Figure 4). The ferrofluid flow exits the windings 18 
through specially provided openings 33 in the upper portion of the windings 18. After 
exiting the windings, ferrofluid 30 travels downward within the grooves 28. Within 
the windings 18, ferrofluid 30 absorbs the heat evolving from the winding due to 
ohmic losses. The heat is removed from descending ferrofluid flow through the walls 
of the housing 20 which is cooled from the outside by the water flow 26. 
[0040] In accordance with the present invention, the method of cooling EMS 

windings by ferrofluid is especially useful for high power devices, as a substantial 
portion of the power input creates heat due to the winding electrical resistance. 
Removal of the resistive heat from the coil windings is a major pre-condition for 
sustained operation of any electrical device, including EMS. The most important 
feature of this invention is the fact that heat transfer is accomplished without any 
direct contact between electrically charged windings and water. 

[0041J Ferrofluid essentially becomes a liquid magnet when the ultra 

microscopic magnetic particles suspended in it become magnetized by a magnetic 
field, while the dielectric matrix of ferrofluid provides strong insulating properties. 
Magnetization of a given ferrofluid depends on concentration, size of the magnetic 
particles, and magnetic field strength. Magnetization reaches saturation at a certain 
level of that magnetic field intensity. 

[0042] At the same time, ferrofluid magnetization also depends on 

temperature. With fluid temperature rise, magnetization decreases and becomes zero 
at the Curie temperature. This dual dependency of magentization on magnetic field 
strength and temperature is the fundamental reason for the ability of ferrofluid to 
facilitate convective heat transfer from the EMS windings. A cold ferrofluid is 
attracted into the interior of the windings due to a pressure gradient produced by the 
gradient of magnetic flux density outside and within different locations of the 
windings. The magnetic pressure gradient is represented by the expression: 

APa/ = AB* M 
Where AP// is the magnetic pressure gradient 
AS is the magnetic flux density gradient 
M is the field-averaged magnetization of the ferrofluid 
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[0043] Ferrofluid travels inside the channels formed between the winding 

wires from the region of a lower magnetic pressure to regions of a higher magnetic 
pressure which acts as an attraction force. 

[0044] Figure 5 represents an example of magnetic flux density distribution in 

the vertical cross-section of the windings adjacent to the magnetic pole (only a half of 
the cross-section is shown). As seen, magnetic flux density increases in regions 100 to 
102 toward the mid-plane of the vertical portion of the winding. At the same time, 
flux density is comparatively low in area 104 at the bottom and top of the vertical 
portion which facilitates magnetic pressure gradient, and consequently ferrofluid flow 
in the winding. As ferrofluid temperature increases with time of travelling toward the 
winding top end, the magnetization diminishes and the fluid is no longer so strongly 
attracted to the windings, which facilitates fluid flow exit. The change in the 
ferrofluid gravitational density with a temperature increase results in natural 
convection which is in the same direction as the magnetically induced convection. 
These two pressure gradients facilitate fluid flow through the windings and the 
proportion of each is shown in Figure 6. As seen in Figure 6, with a current increase, 
both magnetic arid gravitational components of the pressure gradient increase, but the 
magnetic pressure increases at a much greater rate and becomes the prime force in 
ferrofluid motion even at a relatively low level of the current. The combined effect of 
both magnetic and natural convections on total pressure gradient in the fluid is also 
shown in Figure 6. 

[0045] As fluid pressure in the winding channels depends on the magnetic 

interaction between the ferrofluid and the magnetic field, reduction of ferrofluid 
magnetization with temperature plays a key role in providing conditions beneficial for 
fluid motion and overall efficiency in the winding cooling. 

[0046] Therefore, it is beneficial to have a ferrofluid with a Curie temperature 

close to the maximum operating temperature of the windings. Magnetic properties of 

ferrofluid in that case are greatly reduced with temperature rise which facilitates the 

flow exit. Such a ferrofluid results in increased flow through the winding, heat 

removal, and consequently, a reduction in the winding temperature, as exemplified in 
i 

Figure 7. 
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[0047] As seen from Figure 7, a ferrofluid with a Curie temperature of 327°C 

(marked as Tc2) can maintain a winding temperature of approximately 125°C with a 
current input of 300 Amperes, which is 60°C lower than that which can be obtained 
with a ferrofluid having the Curie temperature of 590°C (marked as T C i). The above 
fundamental considerations have been verified by the experiments carried out with the 
following embodiments of this invention. 
Embodiment No. 1 

[0048] In order to determine temperature within the windings at different 

current inputs and ferrofluid magnetizations, fifteen thermocouples were embedded 
into one winding as shown in Figure 8. There were three sets of five thermocouples, 
each set having one thermocouple in the center of a cross-section and four in the 
middle of its sides. The winding cross-sections were selected as follows: one in the 
mid-height of the vertical portion, i.e. section A- A, and one each in the bottom and 
the top horizontal portions of the windings, as indicated respectively by sections C-C 
and B-B in Figure 8. 

[0049] Figure 9 shows the temperatures obtained in the vertical portion of the 

winding, i.e. section A-A, at different current inputs and magnetizations of ferrofluid. 
As seen from Figure 9, with a magnetization of 150 and 200 Gauss, the winding 
temperature reached 200°C at 200 Amperes. In this embodiment, similar to the 
practice of cooling windings with water, the wire has a multi-layer insulation. The 
grooves 28 as shown in Figure 4, were rather small in that trial. This embodiment 
shows that a further increase in ferrofluid saturation magnetization M above 150 
Gauss has no practical effect on winding cooling. 
Embodiment No. 2 

[0050] By comparing results of the trials in accordance with embodiment No. 

1 with the analytical estimates of the magnetic pressure drop, it was concluded that 
the full effect of magnetic convection was not utilized. 

[0051] Embodiment No. 1 was modified by increasing cross-section of the 

grooves 28 in order to increase ferrofluid flow. As a result of this improvement, a 
significant decrease in maximum temperatures was achieved, which allowed a current 
increase up to 250 Amperes. In order to further improve the winding cooling, the wire 
insulation thickness was reduced. 
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Embodiment No. 3 

[0052] This embodiment includes the enlarged grooves 28 of Embodiment 

No. 2 and wire insulation with reduced thickness. The experimental results of winding 
temperatures under the conditions of this embodiment are shown in Figures 10 and 
1 1 . Figure 1 0 shows temperatures measured in different sections of the winding at the 
current input of 300 Amperes and ferrofluid saturation magnetization M = 200 Gauss. 
[0053] Figure 11 shows the relationship between maximum registered 

temperature in the winding (the section B-B) and the current input. As seen from 
Figures 10 and 11 at 300 Amperes, the maximum temperature reached approximately 
200°C. This is a marked improvement over the results obtained with the embodiments 
Nos. 1 and 2, and as well over the operating practice with cooling winding by the 
water. In the latter instance, the current is limited to 200 Amperes. Further 
improvements in winding cooling with ferrofluid can be obtained by optimizing the 
Curie temperature in relation to the maximum operating temperature, as shown in 
Figure 7. Therefore, the experimental data obtained from Embodiment No. 3 clearly 
supports the main premise of this invention, i.e. magnetically forced convection of a 
ferrofluid provides efficient cooling of electromagnetic coils in commercial 
electromagnetic stirrers while avoiding direct contact between the coil windings and 
the cooling water. The EMS winding cooling by ferrofluid simplifies the cooling 
system, reduces its capital and operating costs and increases the system reliability. 

SUMMARY OF DISCLOSURE 
[0054] In summary of this disclosure, the present invention provides an 

improved method for cooling electromagnetic coils by eliminating any direct 
interaction between current-carrying windings and cooling water. By substituting 
water with a dielectric, magneto-active colloidal fluid, i.e. ferrofluid, a strong 
magneto-convective flow is created within the windings due to an interaction with a 
magnetic field produced by the electromagnetic stirrer. Modifications are possible 
within the scope of the invention. 



